The role of interdigitating dendritic cells (IDCs) in the early pathogenesis of African swine fever From the Foreign Animal Disease Diagnostic Laboratory, Na-The IDCs are highly efficient antigen-presenting cells tional Veterinary Services Laboratories, APHIS, USDA, Greenport, belonging to a dendritic cell subpopulation of the NY 11944 (Gregg, Mebus), and New York State College of Veteri-mononuclear phagocytic system, 20 which also includes The IDCs are strategically positioned in the paracortex 23 24 Gregg, Mebus, Schlafer
(ASF) was investigated using mandibular lymphoid tissue from normal pigs and pigs inoculated oronasally with highly virulent Lisbon 60 (L-60) and moderately virulent Dominican Republic 1979 (DR-2) ASF virus (ASFV) isolates. Paraffin-embedded tissue sections were immunostained for ASFV antigen and S-100 protein, a marker of IDCs, using an avidin-biotin alkaline phosphatase procedure. Swine IDCs were identified morphologically by light microscopy, electron microscopy, and S-100 immunostaining. Infection with ASFV caused a marked reduction in S-100 staining by 3 days postinfection (DPI) that persisted through 14 DPI. Early ASFV infection of IDCs was demonstrated at 3 DPI by double immunohistochemical staining of cryosections and by transmission electron microscopy. These results support the hypothesis that the failure of a humoral immune response to virulent ASFV may be due to a primary infection of IDCs and the inability of IDCs to initiate an immune response. Infection of IDCs has also been demonstrated with human immunodeficiency virus (HIV-1), and these infections have some aspects in common.
African swine fever (ASF) is a severe, often fatal viral lated by the intranasal-oral route, and tissues were disease of swine. The virulent virus is endemic in much collected for virus isolation and immunostaining to of Africa, and isolates of moderate and low virulence determine the primary site of virus replication. ASFV are still endemic in the Iberian peninsula. ASF remains was first detected in the tonsil and mandibular lymph a threat to the United States swine industry because nodes. By immunofluorescence, reticuloendothelial of its repeated introductions into the Western Hemicells in the paracortical areas of the mandibular lymph sphere. Aggressive eradication programs have been node were found to be the first cells infected. Necrosis necessary to eliminate it from the swine populations of these cells was marked with virulent (L-60) ASFV of Cuba, Brazil, Haiti, and the Dominican Republic. but mild with the less virulent (DR-2) isolate. The The latter two eradication programs were funded by the United States to safeguard its swine industry from degree of necrosis of these cells seemed to be inversely related to the pig's ability to produce antibody to ASFV the possible introduction of this disease. and recover from disease. The authors of this study 17 To date, vaccines have been ineffective in preventing hypothesized that the reticuloendothelial cells in the ASF. The immune response to ASF virus (ASFV) is lymph node paracortex may be antigen-presenting cells atypical compared with that of most other viruses. The necessary for the presentation of ASFV antigen to the acute disease, usually caused by a virulent isolate, is immune system. The ASFV infection may then impair characterized by a 7-10-day course with no detectable the immune response, at least with the virulent isolate. antibody response. The subacute disease, typically seen This mechanism for modulation of the immune rein outbreaks in the Western Hemisphere, stimulates a sponse by a viral infection has also been proposed as strong antibody response that is only partially protec-1 of the mechanisms involved in human acquired imtive. 15 Paradoxically, most surviving pigs have a chronmune deficiency syndrome (AIDS). Human immuic viremia in the presence of high antibody levels for nodeficiency virus-1 (HIV-1) can infect blood-derived 2-3 months. 16 dendritic cells, 22, 23 Langerhans cells (LCs) in the skin, 24 In an earlier pathogenesis study, 17 pigs were inocuand interdigitating dendritic cells (IDCs) 19 and follicular dendritic cells (FDCs) 21 of the lymph node.
near endothelial venules, through which immature T and B cells migrate as they transit through the lymph node. Dendritic cells interact and cluster with numerous T cells to select appropriate clones for antigen presentation. 17 Dendritic cells are believed essential for the presentation of antigen for a primary immune response, whereas macrophages and B cells function more efficiently in secondary immune responses. 1, 10 The FDCs are specialized cells of reticulum cell origin believed to have the function of trapping and holding antigens in immune complexes on their surface in close apposition to B cells. 13, 33 These cells retain antigen for months or years and are believed important in the maintenance of immune memory. 31 Dendritic cells have not been well characterized in most species except rodents and humans. 25, 27 Only veiled cells have been described in the pig. 7 Veiled cells are considered to be LCs in afferent lymph migrating to the lymph node where they mature into IDCs. 2, 5, 7 Dendritic cells in domestic animals have received very limited attention, probably because of difficulties encountered in extracting these cells from lymphoid tissues and the very small yield of cells. In addition, there are few unique markers for dendritic cells that allow definitive differentiation of these cells from macrophages, particularly in paraffin-embedded tissue. 12 The S-100 immunolabel is the exception. In human 30, 34 and rodent 26 lymph nodes, antibody to S-100 will stain only IDCs and FDCs but not macrophages. 5,11 Electron microscopy remains the definitive method for identification of dendritic cells. 4 In this study, IDCs in the pig lymph nodes were identified and characterized by morphology, S-100 immunohistochemistry, and transmission electron microscopy (TEM). Infection of IDCs in tissues collected from pigs experimentally infected with ASFV was demonstrated by immunohistochemical double labeling for ASFV antigen and S-100 protein and by TEM. These results and their implications for ASFV immunity and virulence are discussed.
Materials and methods
Animals. Yorkshire crossbred pigs of both sexes (20-30 kg) were housed in animal rooms under P-3 level biologic containment. All pigs were inoculated with virus by the oronasal route. Two pigs were euthanized at 0, 1, 3, 5, 7, 9, 11, and 14 days postinoculation (DPI) using an overdose of sodium pentothal. A second set of pigs (1 pig/day) were euthanized on 0, 1, 2, 3, 4, and 5 DPI. One pig was inoculated with hog cholera virus and euthanized at 4 DPI.
Viruses. The highly virulent ASFV isolate L-60 and the low-virulence isolate DR-2 were used. Pigs were inoculated with approximately 100 hemadsorbing units of virus in a blood-spleen (80/20) suspension prepared from an acutely infected pig and stored at -70 C. Viral titrations were done in swine buffy coat cultures using a microtiter assay. Hog cholera virus (Ames strain) prepared in porcine kidney-15 cells was given to 1 pig at a similar dose via the same route.
Biotin-labeled anti-ASFV antiserum (B-ASFV). Hyperimmune anti-ASF antiserum was produced in a pig with 4 inoculations at 1-2-mo intervals using 4 ASFV isolates in a sequence of increasing virulence (DR-2 twice followed by L-60 and Warthog isolates). Fifty percent saturated ammonium sulfate precipitated immunoglobulin (Ig) adjusted to 10 mg/ml Ig was biotinylated as described previously. 9 One milliliter of Ig in 1.0 ml of 0.1 M NaHCO 3 was mixed with 1.0 mg biotin-amidocaproate N-hydroxysuccinimide ester a in 25 µl of dimethylformamide a in a glass tube with agitation. Following agitation for 2 hr at room temperature, the conjugate was dialyzed against 5 changes of phosphate-buffered saline (PBS) over 24 hr. Undiluted conjugate with 0.01% sodium azide was stored in small aliquots at -70 C. The conjugate was titrated on tissue sections and found to have optimal staining at 1:500 dilution.
Immunohistochemistry. Half of both mandibular lymph nodes of each pig were fixed for at least 2 days in paraformaldehyde-lysine-periodate (PLP) 14 containing 2% paraformaldehyde before processing by routine methods used for paraffin-embedded sections. Sections were cut at 3-4 µm, picked up on 0.1% poly-L-lysine (300,000 molecular weightycoated glass slides, dried for 24 hr at 45 C, and used the same day. Sections were thoroughly deparaffinized in xylene and air dried. They were then rehydrated briefly in PBS and trypsinized in 0.1% trypsin b in 0.01 M Tris buffer (pH 7.6) with 0.1% CaCl 2 and MgCl for 30 min at 37 C in a humidified incubator. Enzyme digestion was stopped with a wash in 2% glycine for 10 min and then a wash in PBS.
For ASFV antigen detection, a 2% normal swine serum block preceeded B-ASFV overnight at 4 C. The avidin-biotin complex alkaline phosphatase (ABC-AP) reagent c was prepared as recommended. Following washing, ABC-AP was applied for 1 hr at 37 C, and slides were washed again before adding a red substrate indicator, c which was prepared as recommended with the addition of 1 mM levamisole c in the buffer to block endogenous alkaline phosphatase activity. After 45 min at 20 C, slides were rinsed in water and lightly counterstained with hematoxylin.
For S-100 antigen detection, blocking with 2% normal goat serum preceded overnight incubation at 4 C with rabbit anti-S-100 d diluted 1:150. Secondary biotinylated anti-rabbit c and subsequent ABC-AP were incubated 1 hr at 37 C. The blue substrate indicator c was prepared and applied as outlined for ASFV, but no counterstain was used.
For controls, normal rabbit serum was substituted for anti-S-100, and B-ASFV was deleted from the ASFV system. Also, normal and infected tissue sections from all pigs were stained together in the same batch to assure comparable results.
For double staining, cryosections were used instead of paraffin-embedded sections. Lymph node tissue was embedded in cryo-embedding compound and cut at 3-4 µm using a cryostat. These sections were fixed in cold methanol and were not trypsinized. Staining for S-100 preceded staining for ASFV, and B-ASFV was incubated at 37 C for 1 hr rather than overnight. Otherwise, the procedures were as outlined above. No counterstain was used. Electron microscopy. Ultrastructural examination was done on normal lymph node paracortex and selected tissues fixed in PLP from ASFV-infected pigs. Tissues for TEM were selected using matching paraffin-embedded sections immunostained with B-ASFV. Selected fixed tissues were postfixed in osmium tetraoxide, dehydrated with acetone, and embedded in epoxy. f Thin sections were stained with uranyl acetate and lead citrate and examined with an electron microscope. g
Results
Sections of mandibular lymph node immunostained for ASFV were free of specific staining at 0, 1, and 2 DPI. At 3 DPI, large irregular cells in the subcapsular and paracortical areas of the DR-2 lymph nodes had cytoplasmic pale red immunostaining (Fig. 1 ). Multiple stained cells were found in isolated foci of the paracortex. The cytoplasm of these cells was abundant and did not counterstain with hematoxylin. The cell membrane was indistinct and could not be differentiated from the surrounding lymphocytes. Nuclei were usually swollen and pale. Some cells had less swollen nuclei that were distinctly indented or cerebriform and relatively hypochromatic. Similar cells in control sections and in nonimmunostained lobules of the 3 DPI nodes had similar nuclear and cytoplasmic morphology and close association with lymphocytes ( Fig. 2) .
At 4 and 5 DPI, DR-2-and L-60-infected lymph nodes had numerous cells with dense red cytoplasmic immunostaining in the subcapsular and paracortical tissue. Most of these cells had swollen or necrotic nuclei so that morphologic identification was impossible. At 7 DPI, the L-60-infected nodes had extensive necrosis and specific immunostaining throughout the lymph node. These changes were less marked in the DR-2infected lymph nodes.
The S-100 staining of the control lymph nodes (Figs. 3a, 4A) labeled the germinal centers most heavily, with a network of fine cytoplasmic staining extending between the lymphocytes and forming a discontinuous ring around the germinal centers. A network of less intense S-100 cytoplasmic staining with scattered densely stained nuclei extended in a zone from the subcapsular sinus near the afferent hylus or equivalent peritrabecular sinuses through the interfollicular tissue to the deeper paracortex. At high magnification (Fig.  3b) , individual S-100-stained cells were identified as having distinct dendritic cytoplasmic processes extending around smaller unstained cells (presumably lymphocytes). The medullary tissue did not stain for S-100. There was some nonspecific staining of the dense collagen of the capsule and trabecular connective tissue that was present in all sections. At 1 DPI, the S-100 staining (Fig. 4B ) was similar to that of the control or slightly more intense in the paracortical area. However, at 3 DPI ( Fig. 4C ) and all following days (see Fig. 5 ), the staining in the para- cortex was markedly decreased and sometimes nearly absent except for a few faintly stained nuclei; only moderate staining in the germinal centers persisted.
When cryosections of the 3 DPI lymph node were double stained for S-100 and ASFV, focal loss of S-100 staining in the paracortical tissue was detected where there were positively stained cells for ASFV antigen. In a few cells (Fig. 6) , diffuse blue staining for S-100 antigen could be found in paracortical cells also containing focal red-stained ASFV antigen.
The S-100 staining of hog cholera-infected lymph nodes at 4 DPI was markedly different from ASFV staining. Staining in the paracortex was increased as compared with that of the normal control pigs (Fig.  4D) .
Thin sections of paracortex selected from normal lymph node for TEM had large cells with many long thin cytoplasmic extensions that intermingled with the short extensions of lymphocytes (Fig. 7) . These cells had irregularly shaped nuclei, scant marginated chro- matin, and cytoplasm with few organelles, lysosomes, or phagolysosomes. These cells were sometimes found surrounded by a corona of lymphocytes.
The ultrastructure of these cells at 3 DPI was markedly different. The nuclear morphology was not significantly changed, but the cytoplasmic extensions were short and blunt or absent, and there were few cells found in close association with lymphocytes. A small percentage of cells identified as IDCs were found with ASF virions assembling in the cytoplasm (Fig. 8) and sometimes viral particles budding from the cell membrane. Many IDCs contained intracytoplasmic dense bodies (probably early viral inclusion bodies), with occasional ASFV particles.
Discussion
The ABC-AP systems of immunostaining for ASFV and S-100 antigens are sensitive systems and suitable for use on paraffin-embedded tissue sections. The ASFV antigen was detected in the mandibular lymph node Figure 6 . Cryosection of swine mandibular lymph node paracortex at 3 DPI with DR-2 ASFV, double stained by ABC-AP method. S-100 staining is blue, and ASFV staining is red. Note decreased blue staining around focus of ASFV-infected cells (in red). One cell (arrow) contains diffuse blue staining and focal red staining (ASFVinfected IDC). paracortex at 3 DPI in cells that had morphologic characteristics typical of IDCs. This early infection of IDCs was detected 1-2 days before the onset of fever or clinical signs in the pig and agrees with earlier results 17 reported using immunofluorescent staining on cryosections. In this study, paraffin-embedded tissue and an amplified ABC-AP staining system allowed morphologic identification of infected cells at an early stage of infection before nuclear degenerative changes precluded morphologic cell identification.
Anti-S-100 staining of the pig lymph node has not previously been reported. The identification of cells expressing S-100 protein and having morphologic features of IDCs is comparable to findings in human or mouse lymph nodes. As in the human lymph node, 29 denser staining is seen in the germinal centers of the pig lymph node in a meshwork pattern that corresponds to the pattern of FDCs.
The morphologic characteristics of IDCs in the mouse and human have been well reviewed. 1 These unique cells in the paracortex of the lymph node have large pale staining indented or cerebriform nuclei with marginated chromatin surrounded by abundant pale staining cytoplasm and an indistinct cell membrane. The cells are found closely surrounded by lymphocytes. Ultrastructurally, the cytoplasm of IDCs has sparse endoplasmic reticulum and few lysosomes or phago- lysosomes, and the cells have long cytoplasmic exten-and II (SLA I, SLA II) has been observed 8 at 3 DPI in sions that closely appose and interdigitate with surrounding lymphocytes. The cells identified in the pig the spleen of pigs infected with ASFV, but staining returned to near normal by 4 DPI with DR-2 infection lymph node paracortex have all of these IDC charac-and some increase was seen by 6 DPI with L-60 interistics.
fection. Double labeling for S-100 and ASFV antigens was successful in determining that early ASFV-infected cells were also S-l00 positive. However, expression of the S-100 antigen by IDCs rapidly declined in foci where ASFV antigen was detected. In fact, the S-100 staining of lymph node sections was most remarkably decreased at 3 DPI and later. The reason for this rapid and diffuse decrease in S-100 staining while ASFV antigen detection was minimal is unknown. Likewise, most IDCs examined by TEM had lost their dendritic morphology and close association with lymphocytes at 3 DPI, but only a few were found with recognizable assembling virions. This early decrease in expression of both S-100 antigen and SLA II antigen could be due to a general suppression of IDC function. This suppression could be due to the release of prostaglandin E2, which has been demonstrated in the blood of ASFV-infected pigs at 4 DPI. Prostaglandin E2 has a number of regulatory effects, one of which is the down-regulation of SLA II expression. 28 The rapid return of SLA II in the spleen and the continued suppression of S-100 in this study suggests that the mechanism of these antigens is different.
A similar widespread decrease in immunostaining for swine major histocompatability antigen classes I The most likely explanation for the diffuse depression of S-100 expression of IDCs with limited detection of antigenic viral proteins or virus production at 3 DPI is that these cells are in an early "eclipse" phase and not T cells, and seems to cause a defect in antigen presentation. HIV can infect antigen-presenting cells, T cells, and FDCs and result in a state of combined immunodeficiency.
The suppression of IDC function (at least S-100 expression and probably SLA II expression) and early direct infection of IDCs by ASFV may be responsible for the lack of a primary immune response in pigs infected with virulent ASFV isolates. Histopathologic studies 17 of lymphoid tissues from L-60-infected pigs have shown that there is progressive necrosis of paracortical cells (IDCs) until death. In contrast, similar but mild necrosis seen early in DR-2-infected lymphoid tissue does not progress after 5 DPI, and most pigs recover. Because the primary immune response is believed to require dendritic cell presentation of antigen to T lymphocytes, antigen presentation may be impaired in ASF. In the case of highly virulent ASFV, impaired IDC function and cell necrosis is likely to result in minimal antigen presentation and thus little or no immune response. In contrast, with moderately virulent ASFV, IDC function may not be as seriously impaired, resulting in a more normal immune response. Thus, the degree of infection and necrosis of IDCs may play a pivotal role in determining survival of ASFV-infected pigs and may be a major factor determining virulence. of infection following virus uptake and before production of viral proteins or viral assembly. This situation is likely because infection of IDCs, as determined by B-ASFV staining, becomes progressively widespread by 4 and 5 DPI, particularly with the virulent L-60 isolate.
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